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The authors of Phys.Rev.Lett. 111, 240402 (2013) conclude that ”the past of the photons is not
represented by continuous trajectories”. A simple analysis by standard quantum mechanics shows
that this claim is false.
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I. INTRODUCTION
Recently Danan and co-workers [1] reported what they
consider an experimental confirmation of a surprising
suggestion that photons do not always follow continuous
trajectories, and can occasionally be found in the parts
of a Mach-Zender interferometer (MZI) which they nei-
ther enter, nor leave. The suggestion itself does appear
strange, if not wrong, and has since been questioned by
several authors. It was disputed by L. Saldanha [2] who
presented a detailed analysis of photon’s propagation
in an MZI with rotating mirrors. Somewhat curiously,
Saldanha described his analysis as ”complementary to
the one using the two-state vector formalism (TSVF) of
quantum theory” despite his apparent disagreement with
the findings of [1] where the formalism was indeed used.
The TSVF approached fared less well with the authors of
[3], who found it perhaps not suitable for describing deli-
cate interference effects such as discussed here. A second-
quantised version of Saldanha’s argument was presented
in [4], where it was argued that the quantity used in [1] is
not a reliable which-path witness. A simple illustration
was given in [5], where the authors showed that an MZI
setup can be altered to provide the evidence of photons
entering the previously inaccessible parts without chang-
ing the values of the said which-path witnesses. Fur-
ther criticism can be found in [6], where it was pointed
out that the relevant experimental evidence disappears,
should the experiment be modified slightly. The authors
of [1] responded by noting that what matters is that the
evidence can be present, not that it may be absent un-
der certain conditions [7]. Finally, a critical analysis of
a similar MZI setup in terms of the consistent histories
approach can be found in a recent work by Griffiths [8].
In the end, one may be left with a feeling that some-
thing fairly fundamental is being analysed at a perhaps
too technical level, and that at least a part of the matter
remains open for further discussion.
The original suggestion pointing to the photon’s ”surpris-
ing” behaviour was made in an earlier paper by Vaidman
[9], who used the ”weak measurements formalism” of [10]
to investigate the photon’s past. The ”weak measure-
ment reality” advocated by Vaidman in [11] has a simple
explanation in standard quantum mechanics. A particu-
lar perturbative scheme realised by an inaccurate ”weak”
von Neumann meter [12] determines the values of the
transition amplitudes (or their linear combinations) for
a pre- and post-selected system [13]. Such amplitudes
are well known to be the basis of quantum description
[14]. By adding them together, and squaring the modu-
lus of the result, one finds the probabilities with which a
certain sequence of observable events occurs should the
experiment be repeated many times over. The manner
in which the amplitudes are added reflects what is being
done to the system to destroy (or preserve) the interfer-
ence between certain alternatives [14]. Seen from this
prospective, the weak measurements approach adds lit-
tle to what is already known from the textbooks (see, for
example, [14], [15]).
Mere rebranding transition amplitudes as ”weak values”
would have no further consequence, had not some au-
thors attributed to the weak values qualities transition
amplitudes do not normally have. This led to a number
of intriguing claims, all allegedly supported by the weak
measurements argument. The claims included the evi-
dence of ”negative kinetic energy” [16], ”negative number
of particles” [17], ”having one particle in several places
simultaneously” [18], ”photon disembodied from its po-
larisation” [19], ”electron with disembodied charge and
mass” [19], and ”an atom with the internal energy disem-
bodied from the mass” [19], Earlier we argued [13], [20]-
[23] that most of these notions are easily dismissed once
the discussion is returned to the framework of standard
quantum mechanics. We ask whether the same could be
said about the strange behaviour attributed to the pho-
tons in [1] and [9]. The purpose of this paper is, therefore,
to see whether the assertions of [1] stand up to scrutiny
when examined within the conventional quantum formal-
ism.
II. STANDARD QUANTUM RULES
We start by recalling some of the quantum mechani-
cal orthodoxy, as outlined in the opening chapters of the
well known textbooks [14] and [15]. At a given time an
isolated quantum system is described by a state in its
Hilbert space, |ψ〉. We are, however, interested in a part
of its history pertaining instead to a time interval, e.g.,
in a situation where the system starts in a state |ψ〉 at
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2t = 0, and ends up in a state |φ〉 at t = T . Usually we can
define several ways, or paths, via which the system can
reach |φ〉, and for any choice quantum theory provides
the probability amplitudes, A[path]. Let there be N such
paths, which we denote as {i}, i = 1, 2..N .
A paths is real, if also a probability P [path], usually given
by the Born rule P [path] = |A[path]|2, can be ascribed
to it. If an experiment is repeated many times, the sys-
tem will be seen ”travelling” the path with a relative
frequency proportional to P [path].
A path is virtual, if we can ascribe to it only an am-
plitude A[path], but not a probability P [path]. Such
a path may enter, together with other virtual path(s),
as a constituent part of a composite real pathway, e.g.,
{1 + 2} = {1} + {2}, travelled with the probability
P [1 + 2] = |A[1] + A[2]|2. The manner in which an in-
dividual path amplitudes are added before squaring the
module of the result indicates that the paths are interfer-
ing rather than exclusive alternatives [15]. The rule can
be extended to the paths constructed as weighted com-
binations (superpositions) of other paths. For example,
a path
{α1 + β2} ≡ α{1}+ β{2}
carries an amplitude
A[α1 + β2] = αA[1] + βA[2],
where α and β are two complex numbers.
Feynman’s uncertainty principle (UP) [14] implies that
two, or more, interfering paths cannot be distinguished
without destroying the interference between them. They
form, in a strong sense, a single real route, and together
should be taken ”as a single unit” [24].
Suppose that all N paths in our example are virtual
and, according to the UP, we only know that the sys-
tem reached in |φ〉, but cannot say how. We may en-
quire about the system’s past by coupling it to a probe,
e.g., a meter which would determine the system’s state at
t = T/2. If the measurement can provide M ≤ N differ-
ent outcomes mi, i = 1, 2, ...,M , we will have created M
real routes connecting |ψ〉, |φ〉, |φ〉 ← mi ← |ψ〉. Adding
more meters at different times, will create a stochastic
network of real paths, travelled by the system with rela-
tive frequencies w(i), evaluated as discussed above [23].
The emphasis here is on the word ”create”. The real
paths were not there before, and have been ”constructed”
by the meter(s), using the available virtual paths of the
system as building elements.
Assigning a number (a functional) F [i] to each real path,
we can calculate its mean value, 〈F 〉 = ∑i=1 w(i)F [i],
and measure it by writing down the value F [i] when-
ever the meter reads mi, summing the results, and di-
viding them by the number of times the experiment is
performed.
Let the meter be a von Neumann pointer with position f
[12], prepared in a state G(f/∆f), where real G(f) has
is bell-shaped, peaking at f = 0, and drops of rapidly
as |f | → ∞. Suppose also that we want to measure an
operator (a projector), taking the value 1 on the path
number 1, F [1] = 1, and 0 on all others, F [i 6= 1] = 0.
Now the probability to find a pointer reading f is given
by [13]
P (f) =
ρ(f)∫
ρ(f)df
, ρ(f) ≡
∣∣∣∣∣
N∑
i=1
G
(
f − F [i]
∆f
)
A[i]
∣∣∣∣∣
2
(1)
Noting finally that the paths leading to distinguishable
final states, e.g., to |φ1〉 and |φ2〉 such that 〈φ1|φ2〉 = 0,
cannot interfere and are, therefore, exclusive alterna-
tives, we have almost all the necessary pre-requisite for
analysing the photon’s past in the experiments proposed
in [9], and performed in [1].
III. ACCURATE VS. INACCURATE (STRONG
VS. WEAK)
What we will learn about the system’s past crucially
depends on the accuracy ∆f , with which the pointer has
been set to zero. For ∆f << |F [1] − F [2]| = 1 the
initial uncertainty is small, the measurement is accurate
(strong), and the meter creates two real paths, {I} = {1},
and the superposition of all the remaining ones, {II} =
{2 + 3 + ...+N}, with amplitudes
A[I] = A[1], and A[II] = A[2] + ...+A[N ]. (2)
The paths are travelled with the relative frequen-
cies w(I) = |A[I]|2/(|A[I]|2 + |A[II]|2) and w(II) =
|A[II]|2/(|A[I]|2+|A[II]|2), respectively. The mean value
of the projector is just the relative frequency with which
the (now real) first path is travelled, 〈F 〉 = w(I).
Making the meter highly inaccurate by sending ∆f →∞,
helps to minimise the perturbation incurred on the sys-
tem, leaving the probability to go from |ψ〉 to |φ〉 almost
untouched, whatever the meter’s reading f ,
ρ(f) = G
(
f
∆f
)2
|A[I] +A[II]|2 +O(1/∆f). (3)
Now the possible meter’s readings fill the whole of the real
axis, −∞ ≤ f ≤ ∞, rather than being 1 or 0, as in the
accurate strong case. This gives an operational meaning
to the uncertainty principle [23]. Asking a meaningless
question ”which way was taken, with the interference in-
tact?”, provokes an answer ”anything at all”.
Following [10] we note, however, that the mean me-
ter reading, f ≡ ∫ fP (f)df , tends to a finite limit as
∆f → ∞. For our projector onto the first path, this
limit is [13],[23]
lim
∆f→∞
f = Reα[I], α[I] ≡ A[I]
A[I] +A[II]
. (4)
The average can, in principle, be evaluated after many
trials [10]. It is, therefore, possible to extract the val-
ues of a relative path amplitude, α[I]. Thus, an inaccu-
rate (weak) measurement of a projector determines the
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FIG. 1. (Color online) Part of a system of nested Mach-
Zehnder interferometers leading to the detection of an injected
photon by a detector D. After two reflections in the two in-
ner beam splitters, a photon passing through the branch A
enters the branch F with an additional phase of pi. Two types
of measurements made at the points A, B,C, E, and F are
illustrated in the inset: a) by a weak von Neumann pointer
(arrow) with a position f , and b) by a two-level system, ca-
pable of changing its state as a photon passes by.
probability amplitude for the path, for which an accurate
measurement finds the frequency with which the path is
travelled [13]. There is no contradiction with the Un-
certainty principle: knowing the value of an amplitude
allows one to predict what would happen, should a vir-
tual path be made real by interaction with an external
agent. It by no means implies that this interaction has
taken place. If necessary, more detailed discussion of the
above principles can be found, for example, in [23].
IV. WHERE WAS THE PHOTON? (THE WEAK
TRACE ARGUMENT)
We can now give an answer to this question, as posed
by Vaidman in [9]. Consider a system of nested Mach-
Zehnder interferometers (MZI) or, rather, its part con-
necting the input with the output at the detector D. A
photon enters in a wave packet state |in〉 = |ψ〉, and
travels each arm of the MZI suffering neither delays no
distortions (or undergoing the same delays and distor-
tions in all three) to arrive at D in a state
|out〉 = |φ〉{A[1] +A[2] +A[3]} (5)
where A[i], are the amplitudes for the three virtual paths
{i}, i = 1, 2, 3 (see Fig.2),
{1} : by going D ← F ← A← E ← in, (6)
{2} : by going D ← F ← B ← E ← in,
{3} : by going D ← C ← in,
leading to D. Detector D clicks whenever it finds the
photon (post-selected) in the state |φ〉.
Let weak von Neumann pointers, MA, MB ,MC , ME , and
MF , (see the inset in Fig.1) be locally coupled to the
photon at the points A,B,C,E, and F shown in Fig.1.
Each pointer may be shifted whenever the photon passes
through the corresponding point in its arm of the inter-
ferometer, and remains in its place otherwise. Provided
the MZI are tuned so that
A[1] = −A[2] 6= 0, and A[3] 6= 0, (7)
and given that the detector D clicks, which of the point-
ers fi, i = A,B,C,E, F , would register a non-zero aver-
age reading, f i 6= 0, if many trials are made? Or, in the
words of Ref. [9], where would a passing photon leave a
weak trace?
Conventional quantum mechanics offers a straightfor-
ward answer. Since our weak pointer measures the am-
plitudes where a strong one measures the frequencies, the
i-th weak trace will be left wherever a strong measure-
ment made by Mi, with all other meters disconnected,
would give a non-zero result. Indeed, for a strong pointer
to move we need the amplitude on the path in which it
detects the photon to be non-zero. But then the average
reading must also be non-zero by (4). (We could have
added ”and ReA[i] 6= 0, but a slightly different setup
allows to measure, in a similar way, Imαi [10],[13], so
all we need is that an A[i] doesn’t vanish.) For exam-
ple, the meter MA creates two real paths, {I} = {1}
and {II} = {2} + {3}, and detects the photon in {I},
F [I] = 1, F [II] = 0. Since A[I] = A[1] 6= 0, a weak trace
well be left in the arm labelled A. By the same token, a
trace will also be left in the arm B.
The meter MC detects in the path {I} = {3}, with
A[3] 6= 0, hence there will be a weak trace in the arm
C.
Finally, the meters ME and MF both detect in {I} =
{1} + {2}, with A[I] = A[1] + A[2] = 0, so there will be
no weak trace left in either E or F .
We note that our simple result agrees with the predic-
tions of [9]. Next we consider a slightly different setup,
similar to the one used in [1], in order to see if we recover
the ”surprising” results reported in [1].
V. WHERE WAS THE PHOTON? (BY
LEAVING MARKS)
In [9] Vaidman proposed an alternative scheme, in
which a photon ”leaves a mark” at a particular place
by changing the internal state of a two-level system, lo-
cally coupled to it there. Next we consider such a scheme
4{1}{3} {2}
in
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FIG. 2. (Color online) For a photon, entering the setup in
Fig.1, the three virtual paths in (6) form a single pathway,
{1 + 2 + 3} leading to detection in D. A measurement by
MA combines the paths {2} and {3} into a pathway {2 + 3}.
Similarly, for MC there are two pathways, {I} = {3} and
{II} = {2 + 3}.
in some detail. In the setup shown in Fig.1 we replace
the weak pointers at locations A,B, ..., F with two-level
systems, initially in the ground states |0X〉, X = A,B...,
[see Fig.1 inset b)]. A passing photon may excite the sys-
tem to |1X〉 (a ”mark” is left),with an amplitude aX1 , or
leave it in the ground state |0X〉 (no mark left), with an
amplitude aX0 . We want |aX1 | to be small, so as to perturb
the transition only slightly (see Appendix A for details).
(This may not be a good practical way to describe a pho-
ton’s interaction, but will serve for our gedankenexperi-
ment no worse than the hypothetical weak von Neumann
pointer of [9] and the previous Section.) With the reflec-
tion negligible, the interaction with a photon entering in
a state |φ〉 results in an entangled state,
|φ〉|0X〉 → |φ〉(aX0 |0X〉+ aX1 |1X〉), (8)
where |aX0 |2 + |aX1 |2 ≈ 1. Following [1], we inject a large
number of photons, select only the cases in which the
detector D clicks, and look for the marks that have been
left, indicating the presence of a photon at that point.
There are now 25 = 32 orthogonal final states,
|φ〉|iA〉|iB〉|iC〉|iE〉|iF 〉 ≡ |φ, iA, iB , iC , iE , iF 〉, iX = 0, 1
and, in principle, 32 real pathways leading to them, as
shown in Fig. 3. The paths are travelled with the proba-
bilities P (iA, iB , iC , iE , iF ) = |A(iA, iB , iC , iE , iF )|2, i.e.,
the probabilities to have a click, and find the system at X
in a state |iX〉, iX = 0, 1. Using (8), and taking into ac-
count what may happen along each of the the three paths
shown in Fig.2, we find the final state of the photon to
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FIG. 3. (Color online) Real pathways connecting the initial
state with 13 distinguishable outcomes. Ones and zeroes in-
dicate the states of the two-level markers, written in the order
A,B, ...., F .
be
|out〉 = |φ〉{A[1](aE0 |0E〉+ aE1 |1E〉) (9)
×(aA0 |0A〉+ aA1 |1A〉)(aF0 |0F 〉+ aF1 |1F 〉)|0B〉|0C〉
+A[2](aE0 |0E〉+ aE1 |1E〉)
×(aB0 |0B〉+ aB1 |1B〉)(aF0 |0F 〉+ aF1 |1F 〉)|0A〉|0C〉
+A[3](aC0 |0〉+ aC1 |1〉)|0E〉|0A〉|0B〉|0F 〉}.
The rest is a straightforward exercise in book keeping.
The way in which the two-level markers are placed re-
duces the number of relevant paths from 32 to 13, since
some of the final states just cannot be reached. [For
example in (9), there is no term containing a product
|1A〉|1B〉, so that a photon cannot be detected both in
the arms A and B and, similarly, in A and C, or B and
C.] Among the remaining possibilities, there is one to
avoid leaving any marks at all. There are three ways to
do so. Firstly, by the path {3}, avoiding leaving a mark
at C, with an amplitude A[3]aC0 . Secondly, via the path
{1}, leaving no marks at E, A and F , with an amplitude
A[1]aE0 a
A
0 a
F
0 . Thirdly, via the path {2}, leaving no marks
at E, B and F , with an amplitude A[2]aE0 a
B
0 a
F
0 . Adding
the three, we obtain the probability amplitude
A(0, 0, 0, 0, 0) = A[1]aE0 a
A
0 a
F
0 +A[2]a
E
0 a
B
0 a
F
0 +A[3]a
C
0 , (10)
for the real pathway aE0 a
A
0 a
F
0 {1}+ aE0 aB0 aF0 {2}+ aC0 {3}.
Here the arm of the MZI chosen by the photon remains
indeterminate, just as the slit chosen by an electron in
the Young’s double-slit experiment [15].
Similarly, there are two ways to leave a mark at F , but
not anywhere else. The amplitudes for leaving no marks
at E and A, and E and B on the paths {1} and {2}, are
A[1]aE0 a
A
0 a
F
1 and A[2]a
E
0 a
B
0 a
F
1 , respectively. The proba-
bility to leave a mark only at F is, therefore,
P (0, 0, 0, 0, 1) = |A[1]aE0 aA0 aF1 +A[2]aE0 aB0 aF1 |2, (11)
and the uncertainty principle prevents us from knowing
whether the arm A or the arm B has actually been trav-
5elled. In a similar way, we are able to evaluate probabil-
ities for all 13 paths, listed in the Appendix B.
Now we want to repeat the experiment may times, and
to see where marks will be left, and how often. The net
probability to find a mark at, say, A is given by
W (A) =
1∑
iB ,iC ,iE ,iF=0
P (1, iB , iC , iE , iF ), (12)
and similarly for W (B),...,W (F ).
VI. SO WHERE HAS THE PHOTON BEEN?
Next we want to learn something about photon’s past
from analysing the probabilities W (X) in Eq.(12). We
choose [25]
A[1] = −A[2] =
√
1/12, A[3] =
√
1/6, (13)
and
aX1 = −0.05i ≡ −i, X = A, ..., F. (14)
The results (smeared with a Gaussian, admittedly to
make comparison with Fig.2 of [1] easier) are shown in
Fig. 4. At first glance they seem to support the conclu-
sions made by the authors of [1]. The marks are seen to
have been left at A, B, and C, but there appears to be no
trace of the photons at either E or F . A similar argument
led the authors of [1] to insist that ”The photons do not
always follow continuous trajectories. Some of them have
been inside the nested interferometer...., but they never
entered and never left the nested interferometer.”
Standard quantum mechanics gives, however, a differ-
ent account. The photon passes through one of the ex-
clusive pathways, real and equipped with probabilities,
which were created by the interaction with the two-level
systems installed to monitor its progress. Not all of the
paths coincide with one of the arms of the interferometer,
as it happens, for example, in the case where no marks
are left [cf. Eq.(10)]. Strange as it may seen to a classical
observer, these pathways are real to a quantum photon,
which chooses one of them with a frequency proportional
to P (iA, iB , iC , iE , iF ).
Thus, there is a fault with our first-glance assumption. A
closer look shows that the probabilities W (E) and W (F )
are not zero, but are extremely small (see the inset in
Fig.4). We can easily find out where these small peaks
come from by counting the powers of the small parame-
ter  in Eq.(14). Since the amplitudes on the last three
paths in the list in the Appendix B vanish by (13) and
(14), the probabilities of the scenarios where a mark is
left at only E or F (paths numbered 4, 5, 8, and 9 in the
Appendix B) are of oder of 4. The chances to leave a
mark at both E and F (paths 6 and 10) are even slim-
mer, ∼ 6. and can be easily overlooked. The picture
of a photon circling the loop of the embedded MZI with-
out entering or leaving it [1] arises, therefore, only in the
0
0.0002
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W
(X
)
A B C E F
0
1.5 10-6
B
E F
aX
1
=-0.05i
FIG. 4. (Color online) The probabilities W (A),
W (B),...,W (F )in Eq.(12). In the inset are shown W (E) and
W (F ), too small to be visible in the original plot.
leading-order approximation, beyond which the authors
of [1] were discouraged to look by the misleading analy-
sis of [9]. It doesn’t stand up to scrutiny if an accurate
inspection of the relevant paths is made.
VII. ONE MORE TIME, WHERE DID THE
PHOTON GO? (BY MAKING A CHANGE, AND
SEEING WHERE IT MATTERS)
Our discussion would be incomplete if we left out the
analysis of Saldanha [2] of the experiment described in
[1]. The analysis does not involve external degrees of
freedom. Rather, the markers at A, ...,F are replaced by
mirrors, which can be rotated. The question is: which of
the small rotation would affect the signal at the detector
D? To avoid going into the technical details, which can
be found in [2], we ask a simpler question. To follow the
path {1} in Fig.2, the photon has to travel the arm E,
and then the arm A, followed by the arm F . Let A[X],
X = E,A, F be the corresponding amplitudes. Then,
by the rule of multiplication, the amplitude to travel the
path {1} is A[1] = A[E] × A[A] × A[F ], and similarly
for the paths {2} and {3}. Let us introduce localised
perturbations, such that each amplitude A[X] changes a
little, A′[X] = A[X]+δ[X], and see how this would affect
the probability P to arrive in the detector D. We now
have
A′[1] = (A[E] + δ[E])(A[A] + δ[A])(A[F ] + δ[F ]) (15)
A′[2] = (A[E] + δ[E])(A[B] + δ[B])(A[F ] + δ[F ]),
A′[3] = (A[C] + δ[C]),
and P = |A′[1] + A′[2] + A′[3]|2. The photon going
through the arm A is twice reflected at the internal beam
splitters, each time acquiring a phase of pi/2, so with the
appear part of the MZI blocked, A[1] = −A[2], we should
also have A[A] = −A[B]. The perturbations δ[X] ∼  are
6chosen to be small so as not to perturb the transition, and
to see how each each perturbation affects the P we will
count the powers of , in the same way we did in the pre-
vious Section. In the first order approximation we obtain
(cf. Eq.(7) of [2])
A′[1] +A′[2] +A′[3] = A[3] + (16)
A[E](δ[A] + δ[B])A[F ] + δ[C] + o().
Notably, δ[E] and δ[F ] are absent from the r.h.s of
Eq.(16) and, encouraged by the predictions of [9], we
may be tempted to conclude that the photon has not
been in either E or F (perturbations introduced there
have no effect), while it has been in A and B (perturba-
tions there do have an effect). That would be a mistake.
Equation (16) is only approximate, and the evidence of
the photon visiting both E and F appears already if the
terms quadratic in  are kept. In particular adding to the
r.h.s. of (16) the remaining terms we have
A[E](δ[A]) + δ[B])δ[F ] + δ[E](δ[A] + δ[B])A[F ]. (17)
+δ[E](δ[A]) + δ[B])δ[F ],
and there is no reason why the quantity in Eq.(17) should
vanish, or make a vanishing contribution to the probabil-
ity P . (Choosing δ[A] = −δ[B] would make it vanish but
with, in Eq.(16), it would disappear also the evidence of
the photon having been in the arms A and B). Thus, the
conclusion is similar to that of the previous Section. The
evidence of the photons passing through the arms E and
F may be harder to find, but it is there in general.
VIII. CONCLUSIONS AND DISCUSSION
From the conventional point of view, an observed quan-
tum particle has been in one of the exclusive pathways,
made available to it by the interaction with the mea-
suring devices. For each such scenario, quantum theory
provides an amplitude, and also a probability. This prob-
ability determines the frequency with which a scenario
occurs, should the experiment be repeated many times.
Thus, our conclusion is similar to that of the previous
Section.
If inaccurate measurements of Sect. III are performed,
and the limit in Eq.(4) is duly taken, the transition is
perturbed only weakly. The particle remains in a real
pathway combining all interfering paths, and the pointer
readings, averaged over many trials, coincide with the
real or imaginary parts of the corresponding probability
amplitude. This is not unexpected, since one can often
deduce both the moduli and phases of transition am-
plitudes from the response of quantum observables to a
small external perturbations [13]. It is wrong, however,
to assume that the particle has been in one of the virtual
paths and not in the other. Knowing an amplitude allows
one to predict what would happen if an accurate meter is
employed, but by no means implies that someone has in-
deed brought this additional piece of equipment into the
lab, and turned it on. For this reason, the weak measure-
ment argument cannot support, for example, the claim
that the photons ” ...have been inside the nested inter-
ferometer (otherwise they could not have known the fre-
quencies fA, fB), but they never entered and never left
the nested interferometer....” [1]. or ”...do not always
follow continuous paths,...” [9]. The calculation in [9] is
correct, but the conclusion drawn from it is unjustified.
The case of two-level markers employed to monitor the
photon’s progress can be analysed in a similar way. The
possibility to change the internal state of a marker creates
for the system a variety of real pathways, some coincid-
ing with the arms of the MZI, and some not. As the
interaction becomes smaller, the most frequent scenario
is where interference between different arms is left intact,
and the ”which arm?” question remains unanswered in
accordance with the uncertainty principle. Among other
much less probable outcomes are those in which the pho-
ton actually travels through the arm F ← A ← E,
F ← B ← E, or C. There are also paths which are
superpositions of F ← A ← E and F ← B ← E. The
special choice A[1] = −A[2] and aA1 = aB1 in Eqs.(13)
and Eqs.(14) serves to block such paths, and makes the
chance of leaving a mark at E or F extremely small
(see Fig.4). Crucially, this probability cannot be made
exactly zero, and the evidence of photons entering and
leaving the inner MZI is always present, contrary to the
claims made in [1], [7], and [9].
The same conclusion cab be drawn from the elemen-
tary perturbation theory of Sect. VII. While our models
are not identical to the experiment described in [1], it
might be a prudent advice for its authors to double check
that in Fig.2 of [1] the signal at the frequencies fE and
fF is indeed absent, and not just too small to be seen
against the background noise.
We summarise. Firstly, the argument of [9] doesn’t jus-
tify the claim made about the discontinuous behaviour of
the photons in the nested MZI setup. Secondly, simple
models, similar to the one used in [1], do provide non-
vanishing evidence of the photons entering and leaving
the inner loop. It is, therefore, highly likely that the pic-
ture describing the ”surprising” behaviour of the photons
[1], [7], and [9] is a yet another artefact [13] of resorting
to exotic interpretations of quantum mechanics, without
consulting first with the standard quantum theory.
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7X. APPENDIX A
Consider a spin-1/2 coupled to a passing particle of a
mass 1 via Vint = Ωσxδ(x − x0), where σx is the Pauli
matrix, σx11 = σx22 = 0, σx12 = σx21 = 1, and δ(x) is the
Dirac delta. The particle with a momentum k impacts
from the left the spin, polarised in the z-direction, and
causes it to flip. Writing the z-polarised state of the spin,
| + 〉z, in terms of the states polarised along the x-axis,|+ 〉z = (|+ 〉x + | − 〉x)/2, we note that if the spin is in
the state |±〉x, the particle experiences at x = x0 a zero-
range potential±Ωδ(x−x0). The transmission amplitude
for such a potential is k/(k + iΩ), and we easily find the
amplitudes a0 and a1 in the limit Ω→ 0 to be
a0 = k
2/(k2 + Ω2) ≈ 1− Ω2/k2 (18)
a1 = −ikΩ/(k2 + Ω2) ≈ −iΩ/k.
The overall probability to be reflected is, therefore,
Ω2/(k2 + Ω2), which vanishes as ≈ Ω2/k2 for small Ω’s.
For a broad wave packet with a mean momentum k0 we
may replace k with k0 in the expressions for the ampli-
tudes for flipping the spin and leaving it in its initial
state.
XI. APPENDIX B
Here we give the list of the 13 real paths in Fig.3 pro-
duced by weakly coupling two-level markers at the points
A,B,C,E,F .
1) to |φ, 00000〉 via aE0 aA0 aF0 {1}+ aE0 aB0 aF0 {2}
+aC0 {3},
2) to |φ, 001000〉 via aC1 {3},
3) to |φ, 10000}〉 via aE0 aA1 aF0 {1}, (19)
4) to |φ, 10010〉 via aE1 aA1 aF0 {1},
5) to |φ, 10001〉 via aE0 aA1 aF1 {1},
6) to |φ, 10011〉 via aE1 aA1 aF1 {1},
7) to |φ, 01000〉 via aE0 aB1 aF0 {2},
8) to |φ, 01010〉 via aE1 aB1 aF0 {2},
9) to |φ, 01001〉 via aE0 aB1 aF1 {2},
10) to |φ, 01011〉 via aE1 aB1 aF1 {2},
11) to |φ, 00010〉 via aE1 aA0 aF0 {1}+ aE1 aB0 aF0 {2},
12) to |φ, 00001〉 via aE0 aA0 aF1 {1}+ aE0 aB0 aF1 {2},
13) to |φ, 00011〉 via aE1 aA0 aF1 {1}+ aE1 aB0 aF1 {2}.
The path amplitudes are easily calculated by replacing
in the r.h.s. of (19) a path {i}, i = 1, 2, 3, with the
corresponding probability amplitude A[i].
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